The preparation of a ZSM-5 zeolite membrane on porous stainless steel disk by hydrothermal synthesis with electrophoretic deposition (EPD) as a seeding method was investigated. Micron size ZSM-5 crystal powder was seeded by EPD on the support disk by using ZSM-5 powder dispersed in ethanol. The seeded amounts were easily controlled by the deposition time during EPD. The membrane after secondary growth had a low amount of zeolite in comparison with the in situ seeding method and the permeance of single gas such as He, N 2 and CO 2 was also low in comparison with that of the in situ seeding method.
Introduction
Zeolites possess uniform and molecular-sized pores [1] . Therefore, zeolite membranes have a great potential for applications in separation and catalysis processes owing to their unique pore structures, adsorption properties and their superior thermal, mechanical and chemical stability compared with polymeric membranes [1] . The mostly prepared molecular sieve membrane type is the Al-free MFI (silicalite-1) membrane because of the simplicity of its synthesis and its valuable properties for the separation of small molecules by size. On the other hand, many attempts have been made to introduce Al in the MFI lattice thus creating the isomorphous type ZSM-5. Variation of the Si/Al ratio causes a change of the adsorption properties. High Al content allows specific interactions with polar or polarizable molecules leading to their adsorptive separation from non-polar molecules in mixtures of such substances [2] .
Zeolite membranes are generally prepared by means of hydrothermal in situ growth techniques in liquid synthesis mixtures. More advantageous are two-step schemes, in which the seeding step is decoupled from the membrane growth step. After covering the substrate with zeolite crystals in the seeding step, the seed layer can be grown into a dense membrane of intergrown crystals in successive hydrothermal treatments. The zeolite membrane is grown in a subsequent hydrothermal synthesis step in a different synthesis solution [2, 3] . Seeding methods such as rubbing [4] , treating the support with a cationic polymer before deposition of zeolite seeds [5] , and dip coating [6] have been currently developed. We reported on ZSM-5 zeolite membranes grown by in situ seeding and secondary crystal growth, which showed excellent separation performance [2, 7, 8] .
Electrophoretic deposition (EPD) is a very simple, while effective technique for coating charged particles on conductive substrates [9] . The technique has several advantages including uniform deposition and control of deposit thickness. There are few reported studies using EPD as a seeding method for making zeolite membranes (i. e., A-, Y-, L-and LTA-type zeolite) [1, 10, 11, 12] . Since zeolites are negatively charged particles, they can be effectively attracted to the substrates of positive charge. Considering the preparation of MFI membranes by seeding using the EPD method, silicalite-1 membrane on carbon materials [13] , ZSM-5 membrane on porous aluminum substrates [1] , and silicalite-1 on porous stainless steel substrates have been reported [14, 15] .
In this study, we investigated the potential usefulness of seeding by EPD on porous stainless steel disk for preparation of ZSM-5 membranes by using secondary growth method as an initial investigation. Measurement of single gas permeation and SEM observations were carried out on the obtained ZSM-5 zeolite membrane. Results on the ZSM-5 membrane prepared with the in situ seeding, reported earlier, were also shown for comparison.
Experimental
The ZSM-5 zeolite membranes were prepared on porous asymmetric 316L stainless steel disks provided by GKN Sinter Metals GmbH, Radevormwald, Germany. The diameter of the disks was 18 mm (surface area: 2.54×10 -4 m 2 ), the thickness was 2 mm, and the fine-porous skin layer had an average pore diameter of about 300 nm. The support has an excellent mechanical strength [8] . Stainless steel autoclaves were used to prepare the ZSM-5 (Si/Al=25) seed powder. The composition of the synthesis mixture was 1 TPA 2 O: 4.1 Na 2 O: 0.012 Al 2 O 3 : 50 SiO 2 : 691 H 2 O. The powder was crystallized at 175 ºC and for 22 h. Kieselsol 30 was used as silica source, TPABr as structure directing agent, sodium aluminate as alumina source and NaOH [16] .
The ZSM-5 powder was added in ethanol at a concentration of 10 g/L (0.4 g/40 ml). Then, it was suspended by using ultrasonic cleaner for 10 min. The porous stainless steel disk was used as the anode in the EPD cell and a stainless steel plate was used for the cathode, because the ZSM-5 zeolite powder was negatively charged in the organic solvent [14] . The back of the disk was covered with Teflon tape. The electrode distance was ca. 10 mm. The DC-EPD was carried out at 50V for 30 to 300 s.
As for the secondary growth, home-made Teflon holders were used to keep the seeded supports in the autoclaves with the fine side facing downwards to avoid sedimentation of homogeneously nucleated crystals onto the membrane surface during crystallization. The support disks were slightly slanted in order to avoid the trapping of bubbles formed in the reaction mixture on the disk underside during the synthesis [7] . Teflon disks covered the coarse side of the supports to hinder crystallization there [7] . The composition of the synthesis mixture was 1 SiO 2 :0.112 TPAOH:0.0175 Al 2 O 3 :111 H 2 O, for the preparation of ZSM-5 membranes. As template TPAOH (1M in Water from Sigma-Aldrich) was used, TEOS (98% purity from Alfa Aesar) and Al-nitrate-nonhydrate (95% from Fluka) were used as silica and alumina source, respectively. About 30 g of synthesis mixture were used for one membrane. The membranes were crystallized at 175 ºC and the crystallisation time was 24 h [7] . Excess products were filtered, washed with water to neutrality and then dried at 70 ºC for at least 12 h. The membranes were rinsed with distilled water and dried at 100 ºC for at least 12 h. Membrane calcination was performed at 400 ºC for 16 h using a heating rate of 0.2 ºC/min and a cooling rate of 0.3 ºC/min under synthetic air flow (20 mL/min) [17] .
For comparison purposes ZSM-5 membranes using the "in-situ seeding" method were also prepared. In this case, the composition of in-situ seeding was 1 SiO 2 :0.32 TPAOH:29 H 2 O, and the hydrothermal treatment was carried out at 100 ºC for 24 h. The support disks were covered in the back with Teflon film. During in-situ seeding the top side was facing to the top [17] . The conditions of secondary growth and subsequent procedure were the same as those mentioned above.
Scanning electron microscopy (SEM) pictures were taken using a LEO435UP after gold coating. Single gas (He, N 2 and CO 2 ) permeation measurements were carried out before and after calcination. The gas permeances were measured at room temperature between 0.2 and 2 bar trans-membrane pressure differences using the dead-end method [17] .
Results and Discussion
The maximum diameter of prepared ZSM-5 (Si/Al=25) particle was ca. 10 µm from optical microscopy and SEM image observations. Although not described in detail here, this powder was checked by XRD confirming that it has the typical MFI structure. Fig. 1 shows the amount of ZSM-5 powder deposited on the porous stainless steel disk by EPD. ZSM-5 powder deposited on the anode confirming that ZSM-5 particles were charged negatively in ethanol suspension. Here, the average value is shown in Fig. 1 because the deposition amount of seed crystal slightly varied for each experiment. In addition, drying of the deposit was relatively fast after EPD because the excessive matter is ethanol, which evaporates readily. The amount of deposition increased almost linearly up to 300 s. In case of applied voltage of 50 V for 30 s and 300 s, the deposition amount was ca. 0.3 mg/cm 2 and 1.5 mg/cm 2 , respectively. When the average diameter of the particle is assumed to be 2 µm based on the Ref. 16 , the thickness is estimated to be about one seeding layer for an amount of 0.3 mg/cm 2 . Therefore, by the EPD method, control of the seeding layer thickness is possible.
The photographs of the entire disks are shown in Fig. 2. Fig. 2(a) shows the sample after seeding by EPD and Fig. 2(b) is a photograph after secondary growth. The electrophoretic coating in Fig. 2 (a) looks white because transparent crystal powder has accumulated. It is thus observed that the porous disk substrate was covered by ZSM-5 seed crystals. On the other hand, in Fig. 2(b) , an entire disk looks black. Because the gap of deposited seed particles layer had been filled by carrying out the secondary crystal growth of ZSM-5, the transparency of the membrane increased and the color of the substrate permeated it.
The surface morphology revealed by SEM after seeding and after secondary growth is shown in Fig. 3. Fig. 3(a) is a SEM image after seeding by EPD and Fig. 3(b) is a SEM image after secondary growth. The EPD conditions for the sample on Fig. 3(a) are 50 V and deposition time of 120 s, and the amount of seeding is 0.47 mg/cm 2 . On the other hand, the EPD conditions for the sample on Fig. 3(b) are 50 V and deposition time 30 s and afterwards secondary growth was carried out. Thus, although the EPD conditions of these samples differ, the amount of seeding is almost the same. Therefore, these two samples were compared. From Fig. 3(a) , the flat layer which consists of about 3µm particles is the porous stainless steel support disk. The observed particles of about 10µm in size are ZSM-5 particles. Moreover, ZSM-5 particles of a few micron in size are also observed, and the substrate is covered nearly overall. Furthermore, also areas are observed where the gap between stainless steel particles is filled. This means that seed particles of submicron size have also been deposited confirming that the surface of the support disk was covered by seeds of various sizes. On the other hand, ZSM-5 seed crystals were clearly shown after secondary growth from Fig. 3(b) . The morphology changed from the particle structure to the intergrown crystals and agglomerates. From XRD analysis, the typical ZSM-5 structure was revealed after secondary growth and seeding by EPD ( Fig. 4) . After in-situ seeding the amount of zeolite was too low to be detected by XRD, but with SEM and based on the single gas permeance measurement the presence of a zeolite layer could be confirmed with zeolite aggregate covering the whole substrate surface. The seeding amount, the zeolite amount after secondary growth and the gas permeance of the membranes are shown in Table 1 . The seeding methods referred as EPD-1 and EPD-2 were EPD seeding and Insitu-1 was in situ seeding. The seeding amounts by the EPD method were 0.2 and 0.5 mg/cm 2 . The membrane after the secondary growth of Fig. 2 and Fig. 3 is the sample referred as EPD-2. On the other hand, the seeding amount by in situ seeding was 0.007 mg/cm 2 . It is worthwhile noticing that by in situ seeding, nuclei occur directly on the surface of the stainless steel support, therefore much smaller seeding particles are produced and there is a less amount of seeding compared to EPD, which is carried out with lager particles. After the secondary growth, both membranes seeded by EPD showed a zeolite amount of 0.013 mg/cm 2 . For the in situ seeded membrane the zeolite amount was 0.025 mg/cm 2 . After secondary growth the in situ seeding method showed better results, in respect to the amount of attached zeolite, as the EPD membranes. The reasons for this result can be that the large sized seeds (deposited by EPD) may have peeled off during hydrothermal synthesis or during the measurement of single gas permeance because of the possible low adhesion of the EPD seeded crystals.
Nevertheless the single gas permeance of He and N 2 of seeded substrate by EPD is 10 times higher in comparison with the in situ seeded membrane. Through the in situ seeding method, because zeolite 1.27E-6 1.78E-6 *: after calcination seeds are smaller, a denser layer is generated and also inside the pores of the substrate seeds are grown, therefore the channel becomes narrow. The gas permeance became smaller after secondary growth. In cases where the EPD method is used for seeding, although there are lower amounts of zeolite than in the in situ seeding method, the gas permeance of He, N 2 and CO 2 is smaller. This means that a denser membrane was obtained and during calcination fewer defects were created. Thus, when using the EPD method for seeding and preparation of zeolite membranes by the secondary growth method,zeolite membranes of good performance were obtained.
Conclusion
Preparation of a ZSM-5 zeolite membrane on porous stainless steel disk by hydrothermal synthesis with EPD as a seeding method was investigated. In comparison with the in situ seeding method, the seeding by EPD requires much shorter time. The membrane after secondary growth had few amounts of zeolite in comparison with the in situ seeding method, but better permeance of single gases such as He, N 2 and CO 2 . Seeding by EPD is thus an attractive method for preparation of gas separation membranes of good performance.
